The development of abiotic stress-resistant cultivars is of premium importance for the agriculture of developing countries. Further progress in maize (Zea mays) performance under stresses is expected by combining marker-assisted breeding with metabolite markers. In order to dissect metabolic responses and to identify promising metabolite marker candidates, metabolite profiles of maize leaves were analyzed and compared with grain yield in field trials. Plants were grown under well-watered conditions (control) or exposed to drought, heat, and both stresses simultaneously. Trials were conducted in 2010 and 2011 using 10 tropical hybrids selected to exhibit diverse abiotic stress tolerance. Drought stress evoked the accumulation of many amino acids, including isoleucine, valine, threonine, and 4-aminobutanoate, which has been commonly reported in both field and greenhouse experiments in many plant species. Two photorespiratory amino acids, glycine and serine, and myoinositol also accumulated under drought. The combination of drought and heat evoked relatively few specific responses, and most of the metabolic changes were predictable from the sum of the responses to individual stresses. Statistical analysis revealed significant correlation between levels of glycine and myoinositol and grain yield under drought. Levels of myoinositol in control conditions were also related to grain yield under drought. Furthermore, multiple linear regression models very well explained the variation of grain yield via the combination of several metabolites. These results indicate the importance of photorespiration and raffinose family oligosaccharide metabolism in grain yield under drought and suggest single or multiple metabolites as potential metabolic markers for the breeding of abiotic stress-tolerant maize.
The increasing world population coupled to environmental deterioration is creating ever greater pressure on our capacity for sustainable food productivity. Alongside biotic stresses, abiotic stresses such as drought, heat, salinity, and nutrient deficiency greatly reduce yields in crop fields either when present alone or in combination. Breeding for more resilient crops, therefore, is one of the major approaches to cope with the increasing challenges in world agriculture. Considerable research effort has thus been invested in order to dissect plant responses to individual stresses at various levels (for review, see Urano et al., 2010; Lopes et al., 2011; Obata and Fernie, 2012) , but the interaction between different stresses has been far less investigated (Cairns et al., 2012b Suzuki et al., 2014) . In general, the combination of stresses additively affects plant physiology (i.e. the symptoms of the individual stresses appear simultaneously) and synergistically diminishes the yield and productivity of plants (Keleş and Öncel, 2002; Giraud et al., 2008; Vile et al., 2012; Suzuki et al., 2014) . The molecular responses, however, are not simply additive and are rarely predicted from the responses to individual stresses (Rizhsky et al., 2002 (Rizhsky et al., , 2004 Prasch and Sonnewald, 2013; Rasmussen et al., 2013) . Information from carefully controlled greenhouse experiments has begun to dissect the molecular mechanisms by which plants, in particular Arabidopsis (Arabidopsis thaliana), respond to drought and temperature stresses (Skirycz et al., , 2011 Skirycz and Inzé, 2010; Bowne et al., 2012; Tardieu, 2012; Verkest et al., 2015) . Our knowledge of the molecular basis of the responses of crop species in a field environment, however, is considerably less well advanced (Araus et al., 2008; Cabrera-Bosquet et al., 2012) . That said, a large number of genotypes have been generated on the basis of their resistance to both biotic and abiotic stresses (for review, see Bänziger et al., 2006; Takeda and Matsuoka, 2008; Cooper et al., 2014) , and the genome sequencing and molecular characterization of a range of stress-tolerant plant species have recently been reported Ma et al., 2013; Bolger et al., 2014; Tohge et al., 2014) . These studies are not only important as basic research for further studies in crops but also are a prerequisite in the development of molecular marker-based approaches to improve crop tolerance to stress.
As a first step toward this goal, a deeper understanding of the plant responses to the stressful environment, especially those to multiple stress conditions under field conditions, is crucial for the improvement of stresstolerant crops. This is important on two levels: (1) in the field, singular abiotic stresses are rare; and (2) yield and stress adaptation are complex traits that render breeding gains slower than would be expected under optimal conditions (Bruce et al., 2002) . Recent studies have revealed that the response of plants to combinations of two or more stress conditions is unique and cannot be directly extrapolated from their responses to the different stresses when applied individually. This would be a result of complex combinations of different, and sometimes opposing, responses in signaling pathways, including those that may interact and inhibit one another (Prasch and Sonnewald, 2013; Rasmussen et al., 2013; Suzuki et al., 2014) .
Maize (Zea mays) is grown in over 170 million ha worldwide, of which 130 million ha are in less-developed countries (FAO, 2014) . In sub-Saharan Africa, maize is a staple crop; however, yields in this region have stagnated at less than 2 tons ha 21 , while maize yields worldwide have continued to increase (Cairns et al., 2012a) . Low yields in sub-Saharan Africa are largely associated with drought stress (DS) and low soil fertility (Bänziger and Araus, 2007) . Additionally, simulation studies indicate that maize yield in Africa is likely to be significantly impaired by heat stress (HS; Lobell and Burke, 2010; Lobell et al., 2011) , such as can be anticipated as a result of the changes in climate predicted for the coming decades . Moreover, the sensitivity of maize yield to heat is exacerbated under drought conditions (Lobell et al., 2011; Cairns et al., 2012a Cairns et al., , 2012b Cairns et al., , 2013 . Therefore, the development of maize germplasm tolerant to drought and heat conditions is of utmost importance to both increase yields and offset predicted yield losses under projected climate change scenarios (Easterling et al., 2007) , especially in sub-Saharan Africa. While direct selection for grain yield under DS has resulted in admirable gains in grain yield under stress (Bänziger et al., 2006; Cairns et al., 2013) , further improvement requires the incorporation of additional selection traits (Cairns et al., 2012a (Cairns et al., , 2012b . In recent years, genetic and phenotypic markers have been searched extensively for drought tolerance of maize by high-throughput genomic and phenotyping approaches, respectively (Tuberosa and Salvi, 2006; Wen et al., 2011; Araus et al., 2012; Cairns et al., 2013; Prasanna et al., 2013; Araus and Cairns, 2014; Tsonev et al., 2014) . Moreover, metabolic markers started to draw attention due to their close relationship with yield phenotypes (Fernie and Schauer, 2009; Redestig et al., 2011; Riedelsheimer et al., 2012a Riedelsheimer et al., , 2012b Witt et al., 2012; Degenkolbe et al., 2013) . The accumulation of some metabolites has been reported to be directly related to the performance of potato (Solanum tuberosum) cultivars in beetle resistance in the field (Tai et al., 2014) . Additionally, identical genomic regions were mapped as both agronomic and metabolic quantitative trait loci in field-grown maize and wheat (Triticum aestivum), indicating the utility of metabolic traits for breeding selection (Riedelsheimer et al., 2012b; Hill et al., 2015) . A recent study showed that genetic gains in maize grain yield under DS were higher using a molecular markerbased approach than conventional breeding (Beyene et al., 2015) .
Here, we focused on the relationship between leaf metabolites and grain yield under drought, heat, and simultaneous drought and heat conditions in the field. The negative effect of DS on maize yield is especially acute during the reproductive stage between tassel emergence and early grain filling (Grant et al., 1989) , when it is believed to induce premature seed desiccation and to limit grain filling. Grain is more susceptible to DS than vegetative tissues; therefore, the prediction of grain yield from the physiological parameter of leaves is a challenge (Sangoi and Salvador, 1998; Khodarahmpour and Hamidi, 2011) . Nevertheless, maize yield is dependent on both the assimilate supply to the kernel (source) and the potential of the kernel to accommodate this assimilate (sink potential; Jones and Simmons, 1983) . Breeding for modern temperate hybrids has focused more on the sink potential, particularly under stress conditions (Tollenaar and Lee, 2006) ; therefore, there should be considerable potential remaining to improve source ability. DS and HS would be anticipated largely to affect leaf metabolism and especially photosynthesis, compromising the source capacity of leaves (Chaves et al., 2009; Lawlor and Tezara, 2009; Osakabe et al., 2014) . In keeping with this, drought was found to have the most dramatic effect on the metabolite composition in leaves compared with other organs in our previous greenhouse experiments (Witt et al., 2012) . Since the source ability is closely related to leaf metabolism, the leaf metabolite profile should have a close relationship to grain yield particularly under conditions of stress. Given that several recent studies have indicated the importance of metabolic preadaptation to various stress tolerances in plants Benina et al., 2013) , we also postulate that basal metabolite levels under optimal growth conditions could be correlated to stress tolerance. In order to test this, metabolite profiles of the leaf blades of 10 hybrids were analyzed in field experiments conducted at the International Maize and Wheat Improvement Center (CIMMYT) subtropical experimental station in 2010 and 2011 in which the plants were exposed to singular or combined drought and heat stresses (DS+HS; Cairns et al., 2012a Cairns et al., , 2013 . The results are discussed both in the context of current models of stress tolerance and with respect to their practical implications for future breeding strategies.
RESULTS

Grain Yield Was Affected by Stress Treatments
Maize plants were grown as part of the CIMMYT field trials, in which a collection of 300 hybrid lines representing the genetic diversity within the CIMMYT and International Institute of Tropical Agriculture tropical and subtropical maize improvement programs (Wen et al., 2011) were tested for tolerance to DS, HS, and DS+HS . Ten maize experimental hybrids (Table I) were chosen to cover a wide range of drought and heat tolerance on grain yield observed in previous field trials . DS was imposed by stopping irrigation before flowering to achieve water deficiency at anthesis stage. This treatment induces mild DS, which increases canopy temperature 1°C to 2°C in the absence of HS (Romano et al., 2011; Zia et al., 2013) . However, climate conditions varied slightly between the two years of evaluation. In 2010, one rainfall event (with 56 mm of precipitation) occurred at the start of February, 1 week before drought was applied under optimal temperature (and 3 weeks before trial mean anthesis). For the DS+HS trial, one rainfall event of 35 mm occurred 2 weeks before the start of anthesis and the day before the last irrigation to apply DS. In 2011, one rainfall event of 13 mm occurred 10 d before the start of anthesis in the DS+HS trial and 4 d after DS was applied (Table II) . Drought treatment significantly decreased average grain yields to 45.8% and 35.2% of well-watered (WW) plants in the 2010 and 2011 seasons, respectively ( Fig. 1A) . Grain yield across treatments varied in genotypes from 1.83 to 4.32 Mg ha 21 in 2010 and from 0.65 to 4.28 Mg ha 21 in 2011 (Supplemental Fig. S1 ). The grain yield of individual genotypes tended to be in agreement with tolerance levels determined from the previous field experiments (Table I; Supplemental Fig. S1; Supplemental  Table S1 ). Plant height did not differ between tolerant and susceptible genotypes, in accordance with the occurrence of the stress around flowering, when plants have already achieved their maximum height (Supplemental Fig. S1 ; Supplemental Table S1 ). Other parameters did not differ between tolerant and susceptible genotypes, whereas tolerant genotypes reached earlier anthesis and silking under HS. Drought treatment did not evoke consistent effects on silking date, anthesis date, anthesis/ silking interval, ear height, and ear number across the two harvests ( Fig. 1, B -E, and G; Supplemental Fig. S1 ). HS was applied by growing plants in the dry season. A group of plants were additionally treated by DS+HS (for details, see "Materials and Methods"). HS decreased plant height and shortened the time until silking and anthesis in both years (Fig. 1, D and E; Supplemental Fig. S1 ). However, grain yield was decreased significantly in 2010 but not in 2011 (Fig. 1A) . The grain yield under DS+HS was also the same as that in the drought condition in 2011 ( Fig. 1A) , indicating that the heat treatment in 2011 was not severe enough to affect grain yield. Therefore, the heat treatment in 2011 was recognized as mild HS, which does not cause yield reduction. DS+HS exclusively affected ear number and anthesis silking interval (Fig. 1 , D and E) and led to a severe yield reduction in 2010 ( Fig. 1A) . Two-way ANOVA indicated that grain yield was influenced significantly by genotype, treatment, and also their interaction in both years (Supplemental Table S2 ). Ear number and anthesis date were also influenced by the interaction of genotype and treatment in 2010 but not in 2011 ( Supplemental  Table S2 ). These results indicate that grain yield is the most suitable parameter to assess the genotypic variation of stress tolerance in this study and were mainly used for correlation analysis with metabolite profile. 
Metabolite Profiling Revealed Differential Metabolic Responses of Genotypes to Stress Conditions
Leaf material was harvested for metabolite profiling 2 weeks after the cessation of irrigation. Gas chromatography-mass spectroscopy (GC-MS)-based metabolite profiling was conducted to analyze the metabolites of central carbon metabolism. Metabolite levels were analyzed on a dry weight basis to avoid the effect of differential water contents. Forty-one metabolites were detected in more than half of the samples. Some highly abundant metabolites, including Suc and Glc, could not be quantified due to being above the dynamic range limit of the specified settings of the GC-MS apparatus. The metabolites were clustered into three groups when analyzed by hierarchical clustering (Fig. 2 ). The first cluster includes amino acids (e.g. Trp, Asn, b-Ala, Phe, and Ile) that accumulated highly under DS.
A second large cluster includes various metabolites that tended to decrease (e.g. erythritol, maltose, malate, and fumarate) or showed relatively minor responses (e.g. Xyl, raffinose, and putrescine) in all stress conditions. By contrast, metabolites in the third cluster tended to accumulate in all stress conditions (e.g. Ser, Gly, and 4-aminobutanoate [GABA]; Fig. 2 ). These metabolic responses were similar across the genotypes but varied in magnitude (Fig. 2) . The clear separation among samples from the four growth conditions in principal component analysis (PCA) indicates the differential metabolic effect of DS, HS, and DS+HS on maize leaf in 2010 (Supplemental Fig. S2A ). DS contributed to the separation on principal component 2, while HS contributed to principal component 1 (Supplemental Fig. S2A ). Separation between single and multiple stress conditions was not clear in 2011, most likely due to the mild HS (Supplemental Fig. S2B ). Two-way ANOVA indicated that most metabolites were influenced significantly by genotype, treatment, and their interaction, suggesting differential responses of individual genotypes to each treatment in both years (Fig. 3 , A and C). The effects on levels of individual metabolites are summarized in Supplemental Table S3 . When the effect of treatments was tested, ANOVA revealed that most metabolites were separately influenced by each stress (Fig. 3, B and D). However, just 13 metabolites were significantly affected by the interaction of HS and DS in 2010 ( Fig. 3B ), suggesting that limited metabolites responded to combined stresses in a specific manner or that the effects of individual stress components compensated each other in some metabolites. Some metabolites showed a clear tendency of differential accumulation in stress-tolerant and -sensitive hybrids under stress conditions. Among them, galactinol levels were lower in tolerant genotypes than in susceptible ones under DS in both years ( Supplemental Table S4 ). Accumulation of this metabolite varied between genotypic groups with different tolerance levels under all stress conditions tested ( Supplemental Table S4 ), suggesting a relationship with stress tolerance.
DS and HS Conditions Evoke Increases in the Levels of Many Amino Acids
Among the 41 metabolites, 20 accumulated and three were reduced under DS in both years ( Fig. 4 ; Supplemental Those showing increased levels included many amino acids (Phe, Trp, Asn, Ser, Thr, Ile, Ala, Pro, Val, Gly, Tyr, GABA, pyro-Glu, b-Ala, and homo-Ser), sugar and sugar alcohols (maltose, myoinositol, and galactinol), and organic acids (glycerate and threonate). By contrast, two sugar alcohols (erythritol and maltitol) and trehalose were reduced by the drought treatment ( Fig. 4; Supplemental Fig. S3 ). Under HS, Phe, Ala, GABA, threonate, Xyl, and galactinol accumulated and Ile, glycerol, malate, glycerate, and phosphate were reduced in both years ( Fig. 4; Supplemental Fig. S3 ). These metabolites can thus be considered as responding to even mild HS. Some other metabolites, including Trp, Ser, Thr, b-Ala, Pro, Glu, pyro-Glu, raffinose, myoinositol, succinate, and urea, accumulated only in the HS condition of 2010, suggesting that they responded only to severe stress ( Fig. 4; Supplemental Fig. S3 ). Maltose, erythritol, maltitol, and trehalose were decreased under HS only in 2010 ( Fig.  4; Supplemental Fig. S3 ). These metabolites are possibly related to grain yield under HS, since they responded only to severe HS affecting grain yield but not to the mild stress without an effect on yield.
Stress Combination Additively Affected the Metabolite Profile
Metabolic responses under DS+HS shared similar changes with the individual stress treatments. Only Figure 3 . Effects of treatments and genotypes on the levels of individual metabolites. Histograms show the number of metabolites whose levels were altered, with indicated P values by Bonferroni-corrected two-way ANOVA analyzing the effects of genotypes (Gt) and treatments (Tm; A and C) or HS and DS (B and D). Each bar indicates a range of 0.05. Data from 2010 (A and B) and 2011 (C and D) were independently analyzed. Metabolite levels from six biological replicates in two independent plots (n = 12) were used for analysis. three (benzoate, fumarate, and xylitol) and two (urea and xylitol) metabolites changed specifically under DS+HS in 2010 and 2011, respectively, while no significant effects on the levels of these metabolites were observed in DS or HS compared with WW plants individually (Supplemental Fig. S4 ). Of the 34 metabolites affected under the DS+HS condition, 21 were also affected in both DS and HS conditions in 2010 (Supplemental Fig. S4 ). In 2011, the number of metabolites in this category was reduced to 12 and the metabolites shared between DS and DS+HS increased to 14, most likely due to mild HS (Supplemental Fig. S4 ). K-means clustering was performed in order to classify the metabolites according to the responses to stress conditions in 2010 (Supplemental Fig. S5 ). Most of the metabolites fitted well into five clusters, with some exceptions in which the responses were not clear. Those clustered into the first three and the latter two clusters tended to accumulate and decrease under DS+HS, respectively. Metabolites in clusters 1 and 2 were increased in all stress conditions, although those in cluster 1 accumulated further by stress combination. Cluster 3 includes many amino acids highly accumulated in both DS and DS+HS conditions. The metabolites in cluster 4 are characterized by the reduction in HS, while cluster 5 includes those specifically decreased under DS+HS (Supplemental Fig.  S5 ). According to the criteria of response modes defined for describing transcript responses under stress combination by Rasmussen et al. (2013) , most of the metabolites in clusters 1 and 2 and some in cluster 4 are assigned to the similar response mode. Clusters 3 to 5 mostly contain metabolites that responded in independent mode, while just three metabolites, namely benzoate in cluster 1 and fumarate and xylitol in cluster 5, could be classified as belonging to the combinatorial mode. Interestingly, metabolic responses in the 2010 trial could be well classified into just five of 20 scenarios that were predefined to the responses against stress combinations (Rasmussen et al., 2013) . It should also be noted that most of the metabolic changes in DS+HS should be predictable from the metabolic responses to each single stress treatment, since similar and independent response modes are considered to be predictable (Rasmussen et al., 2013) .
Pro is a metabolite whose function in the DS+HS condition has been reported (Rizhsky et al., 2004) . The accumulation of Pro differed between 2010 and 2011 in our maize field trial. While Pro levels in DS+HS were reduced in comparison with DS in both years, it was much lower in 2011 along with the Pro level under single HS. It should also be noted that the level of Pro in DS+HS was still significantly higher than that in the WW condition in 2010 ( Fig. 4) .
Metabolic Responses under Stress Combination Could Be Predicted from the Sum of Those in Single Stresses
Many of the metabolic responses, especially those in clusters 1, 2, and 3, seem to be predictable not only qualitatively but also quantitatively by the simple sum of responses in DS and HS. In order to test this hypothesis, the response factor was calculated by dividing the metabolite level under stress conditions by that in the WW condition. Following log 2 transformation, correlations between the sum of the response factors in DS and HS (predicted response factor in DS+HS) and the actual response factor in DS+HS were tested (Table  III ; Supplemental Table S5) . Surprisingly, the predicted response factors correlated significantly with actual response factors in 17 of 41 metabolites in 2010 (Table  III) . The means of the predicted and actual values were fairly similar in most of the metabolites, and Student's t test showed significant differences between these two values in only 11 of the 41 metabolites (Table III ). This analysis suggested that a large part of the metabolic response under stress combination could be explained by the additive effects of individual treatments. Predicted and actual response factors were correlated in more metabolites in 2011, but this is most likely due to the weak effect of HS ( Supplemental Table S5 ). On the other hand, the predicted response factor was significantly different from the actual one in eight metabolites, including Tyr, succinate, urea, GABA, raffinose, and Xyl (Table III) . The levels of these metabolites are most likely determined by regulatory mechanisms specifically operating under combined stress conditions.
Correlation Analysis Revealed a Close Relationship between Leaf Metabolite Levels and Grain Yield under Stress Conditions
In order to identify metabolites closely related to grain yield under stress conditions, the correlation between levels of each metabolite and grain yield in each growth condition was tested by Pearson correlation analysis (Table IV) . When the relationship between metabolite levels and grain yield in optimal growth conditions was tested, only b-Ala and maltitol displayed significant correlation (Table IV) . Under the DS condition, levels of glycerol and glycerate showed positive correlation and those of Asn, Ser, pyro-Glu, phosphate, itaconate, and galactinol were negatively correlated to grain yield. Gly, myoinositol, threonate, glycerol-3-P, and nicotinate showed strong negative correlation to grain yield, with P , 0.01 (Table IV; Fig. 5 ). Correlation analysis in HS and DS+HS conditions was conducted only for 2010 data, since heat treatment had no effect on grain yield in 2011 (Fig. 1A) .
The results from each year are shown in Supplemental  Table S6 . Thr, Val, erythritol, xylitol, trehalose, glycerol, phosphate, and nicotinate showed a positive correlation and fumarate, succinate, and raffinose showed a negative correlation with grain yield under HS in 2010 (Table IV) . Maltitol is the only metabolite showing a positive correlation with grain yield in the DS+HS condition (Table IV) . Levels of Phe, Thr, Ile, Val, Asp, and benzoate (P , 0.01) as well as Trp, homo-Ser, Ala, Gly, Tyr, Glu, pyro-Glu, myoinositol, malate, and GABA (P , 0.05) were negatively correlated to this trait.
The correlation of metabolite levels under control conditions with grain yield under stress conditions was next tested in order to identify the metabolites that could be important components of metabolic preadaptation (Table V) . Levels of Glu, raffinose, myoinositol, nicotinate, and octadecanoate in the control condition were significantly correlated to grain yield in DS, although no metabolite other than phosphate was correlated to grain yield in HS in 2010 (Table V ; Fig. 6 ). Tricarboxylic acid cycle intermediates, namely succinate, fumarate, malate, and urea, displayed a negative correlation to grain yield in DS+HS (Table V ; Fig. 6 ). Interestingly, grain yield under HS also showed significant correlation to that in the WW condition (Table V) . This suggests that genotypes with better yield under the optimal condition also produce more grain even under HS, while stress tolerance affects the grain yield more under DS.
In order to gain insight into the sequential effects of multiple stresses on the relationship between metabolite levels and grain yield, the correlation between grain yield and levels of individual metabolites was tested using the results from two growth conditions in 2010 (Table VI) . The results from the 2011 trial are shown in Supplemental Table S7 . Four pairs of conditions, namely WW/DS, DS/DS+HS, WW/HS, and HS/DS+HS, were tested to compare the effects of a stress in the presence and absence of the other stress. It should be noted that the results rather reflect treatment effects than genotypic ones, due to the larger contribution of treatments on the changes in both grain yield and metabolite levels. Twenty metabolites showed significant correlation with grain yield commonly in the WW/DS and HS/DS+HS condition pairs, indicating that these metabolites were similarly affected by DS regardless of the presence of HS (Table VI) . Asp, maltose, xylitol, and Xyl were four metabolites that showed correlation to grain yield only in the presence of HS. Contrary to DS, only six metabolites were correlated with grain yield commonly when WW/HS and HS/DS+HS pairs were tested (Table VI) . Thirteen and eight metabolites were significantly correlated with grain yield under HS specifically in the presence (DS/DS+HS) and absence (WW/HS) of DS, respectively. This suggests that the effects of metabolites on grain yield under HS are largely dependent on the presence of DS.
Combination of Metabolite Levels Could Explain the Variation of Grain Yield by Multiple Regression Modeling
Additionally, a multiple linear regression model was constructed in order to identify groups of parameters that coordinately affect grain yield in each growth condition for the 2010 data. Grain yield was used as a dependent variable, and a minimum number of independent variables were selected from all parameters measured in this study, only metabolite levels, and at last metabolite levels under the WW condition, which contributed to fully explain the variation of grain yield among genotypes (Table  VII) . The models require 10 to 15 parameters to explain the variation of grain yield in most cases, but only seven were used for the DS condition (Table VII) . The models were quite similar when all parameters (agronomical variables and metabolites) or only the metabolites were used as independent variables. Especially the models selected for DS were identical in both cases (Table VII) . Similar sets of metabolites under the WW condition explained the variation of grain yield in WW and stress conditions (Table VII ). In the case of DS, exactly the same sets of metabolites as in the WW condition were selected (Table VII) . Interestingly, galactinol was selected for all models (Table VII) . When the same analysis was conducted for 2011 data, galactinol was again selected as a parameter in all models, whereas the models required more independent variables than for the 2010 data to explain yield variation ( Supplemental Table S8 ).
DISCUSSION
Comparison of DS Responses in Field and Greenhouse Experiments
Large-scale metabolite analyses under stress conditions in the field remain rare. To our best knowledge, this is the first study reporting metabolic effects of simultaneous abiotic stresses in field-grown plants. HS was applied by altering the planting date to ensure that the reproductive phase coincided with high temperatures (Craufurd et al., 2013) . Despite limitations in fine climate control, large-scale field trials are still valuable, since it is often reported that important agronomical traits are masked in greenhouse-grown crops (Alexandersson et al., 2014) . In our previous study in controlled greenhouse conditions, genotypes chosen to cover a wide range of DS tolerance based on field results did not display differential effects of DS on physiological traits (Witt et al., 2012) . Further field studies showed that these contrasting genotypes demonstrate differential physiological responses to DS (Cairns et al., 2012a . Additionally, in this study, genotypes showed differential physiological responses to DS, albeit all six genotypes tested in the greenhouse experiment were also included and the other four were selected by the same criteria. These results reaffirmed the importance of conducting field experiments to understand the effects of abiotic stresses on crops. On the other hand, some metabolic responses were shared in both greenhouse and field trials. The accumulation of amino acids, including Ile, Val, Thr, and GABA, is a metabolic response common in many abiotic stress environments in Arabidopsis (Obata and Fernie, 2012) . These metabolites were also accumulated in maize in both greenhouse and field trials under all stress conditions tested, although Thr and GABA were not annotated in greenhouse samples (Sicher and Barnaby, 2012; Witt et al., 2012; Barnaby et al., 2013) . Other amino acids, such as Pro, Phe, and Trp, also accumulated under DS in both conditions (Sicher and Barnaby, 2012; Witt et al., 2012; Barnaby et al., 2013) as well as in Arabidopsis (Urano et al., 2009 ). The accumulation of these metabolites was much lower in this field study than in the other greenhouse studies (Sicher and Barnaby, 2012; Witt et al., 2012; Barnaby et al., 2013) , most likely depending on the severity of DS due to the soil structure and coincident rainfalls. As the accumulation of amino acids under DS has been reported in various plant species (Evers et al., 2010; Degenkolbe et al., 2013; Barchet et al., 2014; Hatzig et al., 2014; Suguiyama et al., 2014) , it can be considered as a wellconserved and robust metabolic response to DS in plants. This response might be due to less dilution effect caused by the diminished growth under stress conditions (Génard et al., 2014) . However, our field study was performed in fully grown plants and DS was imposed near flowering, which is the most sensitive stage of maize grain production to DS, but leaf expansion had finished at that period. It should also be noted the plant height was not affected significantly by DS in 2010, indicating that the dilution effect played a minor role in amino acid accumulation. Pro is one of many wellknown compatible solutes in plants (Hare and Cress, 1997) . Branched-chain amino acids (Val, Leu, and Ile) and other amino acids sharing synthetic pathways with branched-chain amino acids (Lys, Thr, and Met) accumulate in various abiotic stress conditions (Obata and Fernie, 2012) and have also been proposed as compatible solutes (Joshi et al., 2010) or alternative electron donors for the respiratory electron transport chain (Araújo et al., 2011) , although comparative assessment of these functions under DS conditions remains elusive.
Metabolic Effects of Individual DS and HS
In addition to the metabolites described in the previous paragraph, many metabolites accumulated under DS in both years. Although some of them, including GABA and galactinol, have been suggested to function in abiotic stress tolerance (Fait et al., 2008; Nishizawa et al., 2008) , we focus mainly on Gly and Ser here and on myoinositol in a later paragraph. Apart from other amino acids, Gly and Ser are closely related to photorespiration (Bauwe et al., 2010) . Even in C 4 plants like maize, in which the Rubisco oxygenation reaction should take place at a lower rate than in C 3 plants, recent studies have indicated the essentiality of photorespiration for growth under normal air (Zelitch et al., 2009; Maurino and Peterhansel, 2010) . Both Gly and Ser were accumulated under DS in this study, suggesting altered photorespiratory flux. This might be related to yield performance under DS, since these metabolites, especially Gly, correlated to grain yield. Photorespiration has actually been proposed to function in protection from photoinhibition under drought, salt, and high-light stresses as a sink of excess reducing equivalent (Wingler et al., 2000) and/or by preventing the excess accumulation of reactive oxygen species (Voss et al., 2013) . It has also been shown to contribute to the tolerance to moderate water deficiency in tomato (Solanum lycopersicum) plants by ameliorating nitrogen use efficiency reduced by lower Table IV) were plotted against grain yield under stress conditions. Ten maize hybrids were grown in two independent plots (n = 20 per year), and means of metabolite levels from six biological replicates were plotted. No metabolite showed significant correlation to grain yield under DS+HS. Circles and triangles indicate data from 2010 and 2011, respectively. Due to a minor effect of heat treatment on grain yield in 2011, only 2010 data were used for the analysis of HS. r and p are the correlation coefficient and P value from Pearson correlation analysis, respectively. nitrogen assimilation (Sánchez-Rodríguez et al., 2011) . It should also be noted that Gly and Ser are principal sources of one carbon unit largely consumed to synthesize an osmoprotectant, Gly betaine, in some plant tissues (Hanson and Roje, 2001) . The levels of this osmolyte differ among maize varieties (Brunk et al., 1989) and positively correlate to the degree of salt tolerance (Saneoka et al., 1995) . Negative correlations between grain yield in DS and levels of Gly and Ser are possibly related to the levels of consumption of these metabolites to synthesize Gly betaine, leading to the variation of yield performance under drought in maize genotypes. Trehalose is another well-known osmoprotectant in some insects, plants, and yeast, but its accumulation and function are species specific (Iturriaga et al., 2009 ). The decrease of trehalose under DS in this study suggests a function other than as an osmoprotectant in maize.
Among the metabolites that responded to HS, succinate accumulated and its level negatively correlated to grain yield under severe HS in 2010. This is a novel observation to our knowledge, although the functional background is hardly explained. Since succinate is a metabolite connecting the tricarboxylic acid cycle and the GABA shunt (Fait et al., 2008) , the balance between these two pathways might affect succinate level. Interestingly, the GABA shunt-related metabolites, namely GABA and Glu, and the tricarboxylic acid cycle organic acids, malate and fumarate, were increased and decreased under HS, respectively.
Effects of DS+HS
The effects of simultaneous application of drought and heat have been relatively well studied in comparison with other stress combinations, due to its economic impact and increasing risk by global climate change in the near future (Suzuki et al., 2014) . There are two studies so far in which metabolite profiles under DS+HS conditions in Arabidopsis were examined with application of relatively mild (Prasch and Sonnewald, 2013) and severe (Rizhsky et al., 2004) HS. In both studies, Pro was accumulated under DS but not in DS+HS (Rizhsky et al., 2004; Prasch and Sonnewald, 2013) . This is explained as a consequence of the avoidance of the toxic effect of Pro under HS (Rizhsky et al., 2004) . Such clear regulation was not observed in this study, and Pro levels were differentially affected by stresses in the two years. While this might be related to varied environmental conditions between the two years, including stress levels, it is more likely due to different adaptation strategies to DS between maize and Arabidopsis. It is becoming clear that plant species have specific preferences in the selection of compatible solutes to accumulate under stress conditions (Gong et al., 2005; Benina et al., 2013) . While Pro is one of the well-known compatible solutes in Arabidopsis (Hare and Cress, 1997) , this species accumulates only small amounts of Gly betaine (Missihoun et al., 2011) , which has been proven to be involved in stress tolerance in maize (Brunk et al., 1989) . Therefore, it is conceivable that the degree of dependence on Pro for DS tolerance and/or cellular Pro concentration is different between Arabidopsis and maize (Spoljarevi c et al., 2011; Sperdouli and Moustakas, 2012) , resulting in the different regulation of Pro level under the DS+HS condition. Similar to both Arabidopsis studies, only a few metabolites specifically responded to DS+HS in our field maize experiment. Interestingly, most of the metabolic changes in DS+HS were quantitatively predictable from the sum of responses to each single stress, in contrast to transcript responses in Arabidopsis (Rasmussen et al., 2013) . In fact, the Arabidopsis metabolite profiling results from milder stress treatments show a similar tendency (Prasch and Sonnewald, 2013) , but not in the severe stress experiment (Rizhsky et al., 2004) . It is possible that metabolic pathways are regulated to meet the metabolic demands under each stress condition, resulting in an additive metabolite profile under stress combination unless the metabolic network is collapsed by severe stress treatments. Given that the naturally feasible stresses are imposed more mildly than typical stress treatments in greenhouse experiments (Romano et al., 2011; Zia et al., 2013) , the general metabolic response in stress combination should be considered as the sum of individual stresses in the field. This is also supported by PCA, in which drought and heat contribute the majority of the variance observed in the metabolic data, with principal component 1 separating DS from the WW condition, principal component 2 separating HS from no HS, and DS+HS being separated from the WW condition in an additive fashion. Another result supporting this argument comes from the correlation analysis using two conditions in which the effect of DS was well conserved regardless of the presence of HS. However, HS treatments were differently affected in the presence or absence of DS, indicating specific effects of HS under stress combination on both metabolite levels and grain yield. This might be due to stomatal closure, which would be anticipated to occur under DS and which would be expected to induce effects of HS on plant metabolism. Indeed, the negative effect of heat on photosynthesis has been reported to be apparent only in the presence of DS in European oak (Quercus robur), tobacco (Nicotiana tabacum), and wheat (Suzuki et al., 2014) . Table V) were plotted against grain yield under stress conditions. No organic metabolite showed significant correlation to grain yield under HS. Mean values from each of 10 maize hybrids (n = 10 per year) were plotted. Circles and triangles indicate data from 2010 and 2011, respectively. Due to a minor effect of heat treatment on grain yield in 2011, only 2010 data were used for the analysis of DS+HS. r and p are the correlation coefficient and P value from Pearson correlation analysis, respectively.
Myoinositol as a Potential Metabolic Marker for Breeding of Drought-Tolerant Maize
One of our main goals was to find metabolic markers useful for the selection of maize genotypes giving better grain yield under abiotic stress conditions. The preferential choice of metabolite levels in the variable selection by multiple linear regression analysis suggests metabolic traits to be promising markers that might behave stronger than classical agronomical yield components for explaining variability in grain yield. Although further validation of the results and efficient methods for screening are required for the actual use of candidate metabolite markers in breeding, new strategies of molecular breeding such as marker-assisted recurrent selection, which require only one cycle of phenotyping and subsequently focus on selection based on genotypic data, potentially open up new avenues for high-cost, low-throughput phenotyping options (Jannink et al., 2010; Bohra, 2013) . Selection markers that can be determined in optimal growth conditions are desired because it is very difficult to control stress conditions in the field. Metabolic markers would be a promising target, because the species-specific metabolite profile under nonstress conditions has been recognized to be closely related to stress tolerance and the adaptation strategy of plant species (Benina et al., 2013) . Myoinositol is the most promising candidate of a single marker metabolite for yield performance under drought found in this study. It was accumulated, and its level was negatively correlated to grain yield under DS. Additionally, its level in the WW condition was also negatively correlated to grain yield in DS. These results suggest a possibility for marker-assisted breeding to choose maize genotype, raising better grain yield under DS by the selection of a genotype containing less myoinositol in WW leaves. Myoinositol itself is implicated to function as an osmolyte (Kaur et al., 2013) , like other sugar alcohols. However, the importance of myoinositol in plant stress tolerance is rather related to its function as a precursor of many metabolites involved in abiotic stress tolerance. Raffinose family oligosaccharides (RFOs), especially raffinose, are ubiquitous in the plant kingdom and contribute to stress tolerance likely by membrane stabilization and antioxidative functions (Van den Ende, 2013). Raffinose is synthesized by adding a Gal residue from galactinol to Suc, and myoinositol is used to synthesize galactinol. Therefore, cellular myoinositol metabolism is closely related to the accumulation of RFOs and, further, to stress tolerance (Elsayed et al., 2014) . Actually, galactinol and raffinose were accumulated under DS as myoinositol, although raffinose was reduced in the 2011 season. Galactinol levels exhibited a relationship with the tolerance levels of the genotypes, and the levels of galactinol and raffinose negatively correlated to the grain yield in DS and HS, respectively. Galactinol level was chosen for all models explaining the genotypic variation of grain yield in all growth conditions by multiple linear regression analysis. Additionally, the raffinose level under the WW condition showed correlation to grain yield in DS as well as myoinositol. These observations indicate a close relationship between the metabolism of myoinositol and RFOs and the yield performance of maize under DS. The negative correlation between the levels of these metabolites and grain yield under DS indicates that the yield performance is not due to the osmoprotective functions of these compounds but rather to the metabolism of these compounds. One possible explanation is that the genotypes showing lower Table VI . Correlation between grain yield and metabolite levels under two growth conditions in 2010
Correlation coefficients between grain yield and metabolite levels under each growth condition were calculated by using data from two growth conditions. Conditions were chosen to dissect the effects of stress combination. Ten genotypes grown in two growth conditions were analyzed (n = 20). Correlation coefficients shown are correlations at P , 0.05. ns, Not significant (P . 0.05). accumulation of myoinositol and raffinose synthesize higher degrees of RFOs such as stachyose. The pathways of RFO metabolism reconstructed from genomic information revealed that most of the key enzymes are encoded by multiple gene members with different expression patterns (Zhou et al., 2012) , indicating the operation and importance of RFO metabolism in maize. RFOs can also serve as mobile and storage carbon sources with advantages in osmolytic and mobile flexibility over Suc and starch, respectively (Van den Ende, 2013). Therefore, it is also possible that the lower myoinositol and raffinose levels in tolerant genotypes are due to their use of RFOs as carbon sources. Altogether, metabolite profiles from field DS experiments indicate the importance of RFO metabolism in yield performance under drought in field-grown maize, although the mechanism underlying this remains to be investigated.
Possible Relationship between Basal Respiration and Yield Performance under DS+HS
Levels of three tricarboxylic acid cycle-related metabolites in the WW condition showed negative correlation to grain yield in DS+HS. Although this result should be considered with special caution due to the uneven distribution of grain yield among genotypes, this is an interesting observation because these metabolites showed completely different responses against each stress treatment. It might be that the basal operation of the tricarboxylic acid cycle is related to the yield performance under DS+HS and, therefore, that these metabolites can also be used as metabolic markers. The down-regulation of respiratory pathways including the tricarboxylic acid cycle was reported under DS+HS in a previous Arabidopsis study (Prasch and Sonnewald, 2013) , supporting this possibility.
It should be noted that the correlation coefficient in this study is relatively low; however, this is most likely due to the fact that the data are highly variable, since they were obtained from field-grown samples where the control of growth conditions is difficult. There are some previously reported correlation analyses in field studies on metabolite levels that corroborate this statement (Robinson et al., 2007; Degenkolbe et al., 2013) . That said, the coefficient values of most of the correlations discussed here range from 20.77 to 20.45 with P values lower than 0.05 or 0.001, which can be considered as highly reliable.
Multiple Metabolic Features as Biochemical Markers
The use of multiple metabolites as biochemical markers is another possible way to improve grain yield under stress conditions. Indeed, a strategy of employing multiple markers has been proposed for molecular marker-assisted breeding (Jannink et al., 2010) . The results of this study indicate the potentiality of this approach, since the combination of metabolites explained the variation of grain yield very well, especially under stress conditions, in the multiple linear regression models. The metabolic traits showed performance in Table VII . The set of variables selected by multiple regression analysis to explain the 100% variance in grain yield under each growth condition in 2010
Multiregression analysis showed the set of both agronomical parameters and metabolite levels, only metabolite levels, and metabolite levels under the WW condition explaining the 100% variance in grain yield. The results of the same analysis for 2011 are shown in Supplemental Table S8 yield prediction superior to conventional agronomical parameters that have been shown to be correlated to grain yield, suggesting the potential of metabolite profiling in breeding programs. GC-MS-based metabolite profiling is especially promising due to its highthroughput, robust nature and its ability to analyze a wide range of primary metabolites (Obata and Fernie, 2012) . We employed multiple linear regression for model establishment in this study, but other regression methods, including multilevel response analyses, the random forest model, and correlation network analyses, should also be useful. This study also indicated the potential of the metabolite levels in the WW condition to predict grain yield under stress conditions. Interestingly, galactinol was selected in all models as the variable contributing to yield prediction. As described above, galactinol functions as a galactosyl donor especially for the synthesis of RFOs, including raffinose and stachyose (Loewus and Murthy, 2000) . The contribution of galactinol in yield explanation emphasizes the importance of RFO metabolism in grain yield performance.
CONCLUSION
The metabolite profiles of maize leaves from field DS, HS, and DS+HS trials were analyzed in this study. The metabolite profiling study using field samples is still rare, and to our knowledge this is the first study reporting metabolite responses to a stress combination in fieldgrown crops, making our results a good reference for future studies. One of the interesting findings is that the metabolic responses to DS+HS were rather the sum of the effects of two individual stresses than novel or divergent effects. This is likely due to the progressive nature of field stress treatments and needs to be considered as a general trend under field conditions. In contrast to the phenotypic and transcriptomic profiles monitored in previous studies (Witt et al., 2012; Alexandersson et al., 2014) , some typical stress responses of primary metabolism in field-grown plants are fairly similar to those of greenhouse-grown plants and seem well conserved between growth conditions and even among species. This robustness of metabolic change renders it a good candidate for marker-assisted breeding. The metabolite profiling of field stress samples successfully identified metabolite signatures closely related to grain yield under abiotic stress conditions. It highlights the importance of photorespiration and RFO metabolism for yield performance under DS. Especially myoinositol and RFO levels are quite promising metabolic markers for maize breeding, since those in the WW condition were correlated to grain yield in DS, allowing selection under normal growth conditions. There are some conventional HPLC-based methods available to analyze myoinositol and RFOs, and the recent optimization of high-performance anion-exchange chromatography coupled with pulsed amperometric detection would allow higher throughput analysis for biochemical markerassisted breeding (Gangola et al., 2014) . Additionally, multiple linear regression analysis suggested the possible interplay between metabolic pathways in stress tolerance and the potential use of multiple metabolic markers for yield prediction. Further trials should be conducted to confirm the relationship between these metabolic traits and yield performance under stress and to test the effectiveness of metabolites for biochemical maker-assisted breeding.
MATERIALS AND METHODS
Plant Materials and Experimental Conditions
Ten maize (Zea mays) lines were chosen based on their contrasting responses to DS and DS+HS  Table I ). Single cross hybrids were generated by crossing lines with the tropical tester CML-539.
Experiments were conducted at the CIMMYT experimental station in Tlaltizapán, Mexico (18°419N, 99°079W, 940 m above sea level). A total of four experiments were planted each year composed of two different water and temperature regimes. Optimal temperature experiments were planted at the end of the wet season (late November), and higher temperature experiments were planted at the start of the dry season (mid-February). Due to the low latitude of the experimental station, this experimental design facilitated the application of different temperature conditions without large effects on daylength and irradiation. Two different water treatments were used at each temperature regime: a WW control and anthesis stage DS. DS was imposed by stopping irrigation before flowering to ensure stress at anthesis. In 2010, trials under the WW condition, DS, HS, and DS+HS received 1,037, 520, 790, and 576 mm of irrigation, respectively. In 2011, trials under the WW condition, DS, HS, and DS+HS received 1,151, 550, 639, and 600 mm of irrigation, respectively. Rainfall and temperature data during the experiments are presented in Table II . Experiments were planted in two-row plots, with a final plant density of 6.67 plants m 22 . An a-lattice design was used, replicated two times. All plots received 80 kg nitrogen ha 21 (as urea) and 80 kg phosphorus ha 21 [as triple calcium superphosphate; Ca(H 2 PO 4 )$2H 2 O] at sowing. A second application of nitrogen (80 kg ha 21 ) was applied 5 weeks after sowing (V6 stage; Ritchie et al., 1998) . Recommended plant, weed, and insect control measures were used.
Field Measurements
Days to anthesis and silking were recorded when 50% of the plants had shed pollen and 50% of the plants had silks, respectively. The anthesis silking interval was calculated as days to silking minus days to anthesis. At physiological maturity, plant height was measured on two representative plants per plot, then all plants were hand harvested and grain yield was measured. Grain weights were adjusted to 12.5% moisture content.
Metabolite Profiling
Metabolite profiling was performed as described by Witt et al. (2012) . Leaf blades were harvested 2 weeks after the water stress was applied at the flowering stage. Samples were collected from six individual plants from each plot and treated as biological replicates. Materials were snap frozen in liquid nitrogen and lyophilized for 1 week. One hundred milligrams of lyophilized powder was used for GC-MS-based metabolite profiling following the protocol of Lisec et al. (2006) . Peaks were manually annotated, and ion intensity was determined by the aid of TagFinder (Luedemann et al., 2012 ) using a reference library derived from the Golm Metabolome Database (Kopka et al., 2005) . The parameters used for peak annotation are shown in Supplemental Table S9 following the recommended reporting format .
Data Analysis
Metabolite levels were represented by the observed ion intensity of a selected unique ion. Ion intensity was log 10 transformed and normalized using an ANOVA-based model for the removal of measurement bias (Lisec et al., 2011) . The normalized data set used for the analysis is shown in Supplemental  Table S10 .
Statistical analyses and graphical representations (ANOVA, Tukey's honestly significant difference test, heat map, hierarchical clustering, Bonferroni correction, PCA, box plot, Venn diagram, correlation analysis, and Student's t test) were performed using the R software environment 3.1.1 (http:// cran.r-project.org/). The box plots were drawn by the ggplot function in the ggplot2 package. PCA was conducted after paretonormalization using the rnipals-algorithm of the pcaMethods package (Stacklies et al., 2007) . ANOVA was conducted using the anova function on linear models incorporating either genotype and treatment or HS and DS status as factors and allowing interactions. The resulting P values were corrected for multiple testing using the stringent Bonferroni method. Tukey's honestly significant difference test was conducted by the glht function in the multcomp package. Correlation was tested by the cor.test function, and scatterplots were drawn by the ggplot function. Venn diagram was drawn using the venn.diagram function in the VennDiagram package. The effects of stress combination on metabolite levels were predicted from responses to single stresses as follows. Response factors were calculated by dividing metabolite levels transformed to linear values and divided by those from WW plants grown in the same field replicate followed by log 2 transformation. Predicted response factors in the DS+HS condition are the sum of those in the DS and HS conditions. The values calculated from each genotype and field were considered as replicates (n = 20) and used for the calculation of the mean and SE. Correlations between actual and predicted response factors were tested by the cor.test function in R. Furthermore, the metabolic and agronomic data set was subjected to multiple linear regression analysis to ascertain which combination of metabolites alone or metabolites plus agronomic traits fully explained differences in grain yield across the whole set of genotypes and replications within each growing condition. Models were selected using the linear regression function of SPSS (SPSS) with the Entre method to gain an r 2 value approaching 1. Multiple linear regression analyses were also performed using the levels of metabolites under the WW condition as independent variables and grain yield under the three different stress conditions as dependent variables.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Yield related parameters of individual genotypes in the 2 years of field stress trials.
Supplemental Figure S2 . PCA of metabolite profiles under field stress conditions.
Supplemental Figure S3 . Foliar levels of all detected metabolites in the 2 years of field stress trials.
Supplemental Figure S4 . Number of metabolites that altered its level by either heat, drought, or simultaneous heat and drought treatments.
Supplemental Figure S5 . Clustering of metabolites according to the responses to drought, heat, and simultaneous drought and heat treatments. Supplemental Table S1 . Effect of treatments on yield parameters of the subsets of maize genotypes grouped by stress tolerance. Supplemental Table S2 . Effects of treatments and genotypes on the yield parameters. Supplemental Table S3 . Genotype and treatment effects on metabolite levels in each year. Supplemental Table S4 . Effect of treatments on metabolite levels of the subsets of maize genotypes grouped by stress tolerance. Supplemental Table S5 . Actual and predicted metabolic responses of maize leaves to drought, heat, and simultaneous drought and heat stresses in 2011. Supplemental Table S6 . Correlation between grain yield and metabolite levels under each growth condition in each year. Supplemental Table S7 . Correlation between grain yield and metabolite levels under two growth conditions in 2011. Supplemental Table S8 . The set of variables selected by multiregression analysis to explain the 100% variance in grain yield under each growth condition in 2011. Supplemental Table S9 . Parameters used for peak annotation in GC-MS analysis. Supplemental Table S10 . Normalized data set used for statistical analysis.
